Memory Mechanisms: A common cascade for long-term memory  by Goda, Yukiko
YUKIKO GODA MEMORY MECHANISMS
A common cascade for long-term memory
Genetic, behavioral and electrophysiological approaches are beginning to
unravel the mechanism of memory; cAMP-mediated gene expression
appears to be universally required for establishing long-term memory.
One of the most challenging problems in neurobiology is
to elucidate the molecular basis of learning and memory.
Daunting as it may seem, recent advances in molecular
biology have made it possible to identify at least some of
the key players in this complex process. Although the
ultimate goal is to delineate the mechanisms by which
memory in our own minds is formed ('learning'), stored
and retrieved, the favorite models - as usual - are
species that are readily propagated and are amenable for
experimentation in the laboratory.
The fruitfly, Drosophila melanogaster, has long been an
organism of choice for molecular geneticists. The fact
that flies can learn and remember a variety of associative
tasks makes Drosophila an excellent system in which to
characterize genes involved in learning and memory [1].
Studies of learning in flies frequently use a classical con-
ditioning paradigm that involves the temporal coupling
of an electric shock with a particular odor; flies learn to
avoid the shock-associated odor after training. Behavioral
screenings of mutagenized flies using such a learning par-
adigm have led to the isolation of genes involved in
learning and memory. Surprisingly, all the gene products
characterized to date have turned out to be components
of a cyclic(c) AMP signaling cascade.
Mice are the mammalian counterpart of Drosophila for
learning and behavioral studies. Although they lack
Drosophila's advantages for genetic studies, the ability to
generate mice with specific gene 'knock outs', and the
possibility of assessing the effects of the targeted mutations
in classical behavioral tests, make mice attractive animals
for memory studies. Unlike Drosophila, where specific
genes required for memory can be identified in specific
screens, studies involving mice are somewhat limited to
guessing the players - from the available set of previously
cloned genes - before making the gene knock outs and
testing for any effects on learning and memory.
Mice do have one advantage for memory studies, how-
ever, and that is an electrophysiological phenomenon
known as long-term potentiation (LTP), which has been
well characterized in the rodent hippocampus. LTP refers
to the strengthening of synaptic connections in response
to repeated stimulation of the presynaptic neuron. As the
basic mechanisms of memory are thought to involve
alterations in neuronal connectivity, and the hippocam-
pus is a region in the brain known to be important for
certain types of memory - for example, human patients
with hippocampal lesions experience loss of short-term
memory - LTP has gained much popularity as the
cellular correlate of memory [2]. Although a definitive
demonstration that LTP is indeed an essential cellular
mechanism in hippocampal learning and memory is still
lacking, evidence over the last several years from com-
paring behavior and LTP in a number of gene knock-
out mice has strengthened the earlier pharmacological
evidence for a memory-LTP link.
Studies of learning and memory in fruitflies and mice
have drawn closer following the recent publication of
four papers in Cell [3-6], and one in Science [7], suggest-
ing that a biochemical cascade involving cAMP is a uni-
fying feature of long-term memory mechanisms. These
studies build on earlier work with another model species
that has been much used in memory research - the sea
snail Aplysia. Recent experiments with Aplysia have
clearly demonstrated a selective requirement for gene
expression driven by the cAMP responsive element
(CRE)-binding protein (CREB) in long-term memory
[8]. The five new papers extend the Aplysia results and
show that the underlying mechanism of long-term
memory is conserved across different animal phyla.
On the behavioral side of the story, memory developed
by classical conditioning paradigms displays distinct
phases both in flies [3] and in rodents [9], the later phase
being dependent on synthesis of mRNA and new pro-
teins. This requirement for transcription and translation
is thought to represent the switch from short- to long-
term memory, a conversion process that is also known as
memory consolidation. How might the signal be trans-
duced back into the nucleus to initiate transcription?
Likely components of a transduction pathway, based on
Aplysia studies, are the members of the CREB family of
proteins, transcriptional activators belonging to the basic-
leucine zipper superfamily that respond to increased
levels of intracellular Ca2+ and cAMP by activating tran-
scription of genes that carry CRE sequences [10].
To test for the role of CREB in learning and memory in
flies, Yin et al. [4] cloned a Drosophila CREB gene. The
induced expression of a dominant-negative form of
CREB in transgenic flies was found to result in selective
disruption of olfactory long-term memory, which is
known to be sensitive to protein synthesis inhibitors;
olfactory learning and short-term memory, which do
not require new protein synthesis, were unaffected.
Similarly, Bourtchuladze et al. [5] have demonstrated
that mice carrying a targeted disruption of the gene
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encoding CREB are defective in long-term memory
following classical conditioning; as in the Drosophila
study, learning and short-term memory are not affected.
The CREB-deficient mutant mice have, in addition, a
higher tendency to forget in water maze tasks, which test
spatial memory. These behavioral studies thus point to an
essential function for CREB-induced gene products in
long-term memory.
What about the role of CREB in LTP, the presumed
cellular correlate of memory? Electrophysiological analy-
ses of hippocampal slices indicated that LTP is less robust
in the CREB mutant mice. Moreover, LTP in mutant
slices appeared to decay relatively quickly, consistent with
a requirement for CREB in a late phase of LTP [5].
These findings are intriguing in light of recent work from
Kandel's laboratory [6,11], characterizing distinct phases
of LTP. Hippocampal LTP can be divided into two types
based on the specific requirements for induction, and the
two types are observed at distinct sets of synapses [2].
Both types of LTP display two phases: an early phase that
is independent of transcription and translation, and a later
phase that requires these processes. Consistent with a role
for CREB in long-term memory, the later phase of both
types of hippocampal LTP is sensitive to inhibitors of
cAMP-dependent protein kinase (PKA), which is
required for activating CREB [6,11].
The emerging picture is that the requirement for cAMP-
dependent transcription in the establishment of long-
term memory appears to be universal. Some questions,
however, remain unanswered, and different systems reveal
the complexity of the memory problem. For one thing,
the induction of distinct temporal phases of olfactory
memory in flies is dependent on the number and the
spacing of training events. For example, when flies are
repeatedly presented with a shock-coupled odor ('massed
training') they remember better than when trained just
once, yet the memory decays within three days. In con-
trast, when flies are rested between training episodes,
('spaced training'), the memory is stable for over a week.
Memory acquired by 'massed training' is insensitive to
protein synthesis inhibitors and, as expected, does not
require CREB. Memory resulting from 'spaced training',
on the other hand, requires protein synthesis, and is
dependent on CREB activity.
Extrapolating from the popular belief that long-term
memory is formed upon consolidation of short-term
memory, one might expect that a component of the
short-term memory acquired by 'massed training' would
be a prerequisite for the long-term memory. Yet muta-
tions in the Drosophila gene radish, the nature of the prod-
uct of which is unknown, cause a selective defect in
short-term memory but leave long-term memory intact
[3]. Surprisingly, then, it seems that there are parallel path-
ways of olfactory learning in fruitflies. Future work should
clarify whether these distinct pathways arise from different
circuits in the fly brain, or whether parallel processing
occurs in one set of neurons. It would be interesting to
Fig. 1. Production of cAMP by adenylate cyclase activates PKA.
To establish long-term memory, the active catalytic subunit of
PKA travels back to the nucleus where it phosphorylates CREB;
CREB dimers subsequently promote transcription of genes
through CRE sequences. The site of PKA activation required for
long-term memory, whether presynaptic or postsynaptic, is not
yet known.
examine whether any cellular correlates of learning and
memory, analogous to hippocampal LTP in mammalian
nerve cells, can be found in Drosophila neurons.
Another intriguing problem with a transcriptional
requirement for long-term memory concerns the struc-
tural complexity of neurons. Each neuron makes hun-
dreds to thousands of synaptic connections, and the
synaptic terminals, the sites of interneuronal communi-
cation, are far away from the cell body that contains
the genetic material. Thus, cAMP or activated PKA,
whether in the presynaptic or in the postsynaptic termi-
nal, must travel back to the cell body from synaptic sites,
and enter the nucleus to phosphorylate CREB, which in
turn would activate genes through CRE sequences (Fig.
1). The signal for PKA to travel back to the cell body
must nevertheless be intricately controlled. For example,
one type of hippocampal LTP, as shown by Huang et al.
[6] and Weiskopf et al. [7], requires PKA to act in its early
phase by a mechanism distinct from its role in the later
phase of LTP that depends on transcription. Synaptic
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activation of PKA does not, therefore, necessarily result
in its translocation back to the nucleus.
Once CREB-regulated gene transcription has been acti-
vated, how are the gene products retargeted back to those
subset of synapses that are potentiated? A reasonable sug-
gestion is that there is no selectivity in the distribution of
newly synthesized proteins; perhaps new arrivals interact
with physiological changes that have already taken place
at the potentiated synapses to sustain the state of long-
term alterations. This raises the possibility that transcrip-
tion is not a direct prerequisite for the establishment of
long-term memory, but that it reflects the elevated
turnover of a specific set of constitutively expressed pro-
teins at the potentiated synapse. The identification of
genes regulated by CREB and elucidation of the mecha-
nisms by which the gene products facilitate long-term
memory should, therefore, be most illuminating.
Finally, how labile are the presumed long-term changes?
Learning and memory are amenable to extinction, and
the behavioral tasks can be forgotten. Is forgetting a
reversal phenomenon, in which potentiated synapses are
depotentiated to baseline level, or does it involve the cre-
ation of new circuits - in other words, is forgetting a
form of learning? Long-term depression (LTD) refers' to
the long-lasting weakening of synaptic connections that
can be induced in various brain regions, and is often
thought of as an inverse of LTP; a protocol that induces
LTD can reverse LTP, and vice versa [12,13]. It remains to
be seen how LTD and LTP contribute to the dynamics of
memory acquisition and maintenance in a living animal.
In summary, genetic, behavioral and electrophysiological
approaches, using model species from molluscs to mice,
are revealing the mechanisms of memory. While we may
be far from understanding the workings of our own
minds, the lessons learned from laboratory creatures are
nonetheless highly rewarding.
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